In this publication, several stainless steel microstructure reactors specially designed to obtain rapid and periodic temperature changes are presented. Different microstructure reactor designs have been manufactured and tested for their thermal behaviour and equally by running a test reaction under stationary and non-stationary temperature conditions. The devices were continuously electrically heated and periodically cooled by a deionized water flow. The objective of the experimental measurements was to demonstrate that non-stationary temperature conditions may lead to an increase in the reaction rate compared to the stationary conditions. The heterogeneously catalysed oxidation of CO was chosen as the test reaction. The catalyst used was a dispersion of platinum on a porous alumina support generated by sol-gel technology. The experiments realized under non-stationary temperature conditions with a temperature oscillation amplitude of 41 K and a period duration of 21 s show an increase in the mean CO 2 concentration of a factor 1.72 compared to the mean concentration under quasi-stationary temperature conditions. The simulations of a simple monomolecular reaction under non-stationary temperature conditions indicate that the presence of a transitional surface coverage generated by the temperature oscillations may be a possible explanation for the observed phenomenon.
Introduction
First theoretical studies of forced temperature variations to increase the performance of heterogeneous catalytic reactors appeared in the late 1960s (Lin, 1966) . Experimental studies realized in the late 1970s failed to confirm the predicted effects (Silveston and Hudgins, 2004) . This was due to the high thermal inertia of the experimental devices used, allowing only slow temperature changes and therefore leading to cycling periods in the order of minutes to hours. The development of microstructure reactors in the last decade providing a lower thermal inertia, and, thus, allowing temperature changes of several tens of degrees within seconds (Brandner, 2003) , has woke up the interest toward this field of research. Today it is possible to build microstructure reactors which allow to perform reproducible temperature oscillations with a change rate of about 10 K s −1 and a period of a few seconds.
One of the objectives of forced temperature oscillations is to generate higher yield of the desired product by increasing the reaction rate to a value which is not attainable under steady state conditions. However, when evaluating values for reaction rate obtained under temperature cycling, the exponential dependence of the reaction rate given by the Arrhenius law has to be considered. For a general case, Eq. (1) describes the temperature dependence of the rate of a first order reaction:
With k 0 being the pre-exponential factor, C is the concentration of a reactant, R represents the universal gas constant, T the absolute temperature and E A the activation energy of the reaction. 1 represents values for the mean reaction rate of a chemical reaction calculated differently. The averaged reaction rate (square) under slow temperature cycling (quasi-stationary operation) between a low and a high temperature is higher than the mean reaction rate at the mean temperature (cross). This increase is therefore trivial and results only from the exponential dependence of the reaction rate with respect to the temperature.
A non-trivial effect of temperature oscillations under intermediate regime conditions is only demonstrated if the obtained averaged value of the reaction rate (star) is higher than the averaged value under quasi-stationary conditions (square).
Experimental

Manufacturing of microstructure devices
For the experimental measurements, microstructure reactors made of stainless steel are used. The manufacturing method for metallic microstructure devices is extensively described in literature (Brandner et al., 2006) . Thus, only a short description will be given here.
Four different types of microreactors have been tested so far. Three of them have been manufactured in the same way. Between a number of stainless steel plates having holes to integrate electrically powered heater cartridges, a strictly defined number of micromachined stainless steel foils for the reaction passage and for the cooling passage is arranged in alternating order. The microchannels of the reaction passage are machined in a meandric way to increase the waylength of the reaction gas flow and, thus, increase the residence time. The arrangement of the cooling channels is different for each type of microstructure reactor to decrease the pressure drop and ensure a good cooling of the complete device. More details on the cooling plate design and arrangement can be found in Brandner (2003) , Brandner et al. (2004) and Léger (2005) . A base plate and a top plate made of stainless steel make the stack complete. All the parts are bonded together by diffusion bonding. After this, standard Once the reactor of the desired type is assembled, the microchannels on the reaction foils are coated with alumina by sol-gel technique (Wunsch et al., 2002) . For this purpose, a sol-gel solution is pumped through the channels in order to fill them. The whole reactor is then dried at 340 K overnight, heated from room temperature to 770 K at 3 K min −1 and calcinated at 770 K for 5 h. Platinum is then deposited on the alumina layer by wet impregnation. Therefore, a solution of Pt(NO 3 ) 2 (0.05 mol l −1 ) is introduced into the channels several times and the drying and calcinating steps are repeated with the same conditions as for the alumina coating. The reduction of the platinum is effectuated by heating the reactor from room temperature to 770 K at 10 K min −1 under a flow of Ar (1 l min −1 ) flowing and impregnated with platinum when the reactor is already assembled, it is not possible to determine the obtained alumina layer surface with the BET method and the platinum concentration with the standard chemisorption method. For the Type 3 device, a completely different design was chosen. A base shell was manufactured to integrate the heater cartridges. Within a top shell, the cooling passage is manufactured as well as the gas inlet and outlet. Both shells can be screwed together, sealed by an o-ring, to integrate any catalytically active material in an exchangeable way. Thus, a free area ("pocket") is machined into the base shell of the device. Here, either microstructured foils with different catalyst coatings or other materials can be integrated. The fittings are located in that way, that thermocouples can be adjusted to measure the temperature of the catalytically active material directly or the temperature of the device inside the shells. Fig. 5 shows a photo of this device, made of stainless steel.
The catalytic active material used within this device was prepared differently. It was based on a plate (20 × 20 × 0.4 mm) of sintered metal fibres (SMF) filter. The SMF filter plates supplied by the Southwest Screens & Filters SA, Belgium, were made of stainless steel (Cr 16-18; Ni 10-13; Mo 2-2.5; C < 0.01; Fe balance) in the form of a uniform pore panel (80% porosity, 675 g m −2 ). The filter was first calcined at 1170 K for 8 h and then coated with an alumina layer using an aqueous sol containing 3 wt% Al 2 O 3 (Kobayashi et al., (2005) ). The coating operation was repeated three times to ensure a homogeneous 5 wt% coverage of the metal fibres by Al 2 O 3 . The specific BET surface area determined using an Autosorb 1 system (Quantachrome Company) was 12.4 m 2 g −1 for the final Al 2 O 3 /SMF support. This corresponds to ∼ 248 m 2 g −1 of alumina coating. Platinum was deposited by impregnation of the Al 2 O 3 /SMF support with an aqueous H 2 PtCl 6 (1.25 wt%) solution followed by drying at room temperature and calcination at 770 K for 3 h in air. The obtained metal dispersion was 16.4% and the active surface 4.04 m 2 g −1 SMF support.
Experimental setup
In the experimental setup, the microstructure reactors are continuously heated with electrical power and periodically cooled with a flow of deionized water streaming through the cooling foils. The system is completely computer controlled with several independent safety levels to prevent a runaway reaction or undesired reactor run modes.
Fourier transform infrared spectroscopy (FTIR) is used to measure CO and CO 2 concentration at the reactor outlet. Oxygen is infrared inactive and cannot be quantified using this method. FTIR spectroscopy is a relatively fast measurement method which can be consequently used to monitor concentrations online. The reaction gas used for the experimental measurement in the Type 3 device was a mixture of 5 vol% CO and 25 vol% O 2 , the rest being He. The flow is 100 ml min (STP) giving a pressure of 0.11 MPa at the reactor inlet with the outlet at ambient pressure.
A more detailed description of the experimental setup used to realize the fast temperature cycling experiments, including the different possibilities investigated to obtain the fast temperature changes of the microstructure reactor can be found in Brandner (2003) and Brandner et al. (2004) .
Experimental results
Temperature behaviour
Due to their different designs each of the different types of microstructure devices described above provides a different temperature behaviour. Details on this can be found in Brandner (2003) and Léger (2005) . The Type 1 device is the fastest of all and can provide temperature changes up to 100 K at a frequency of around 0.5 Hz (Brandner, 2003) . The Type 3 device is much slower and allows only temperature changes of about 50 K at a frequency about 0.1 Hz. In Fig. 6 , examples for the temperature behaviour of a Type 1 device are given.
It is more delicate to control the temperature of the other devices. Even if the Type 2 and Type 4 devices were planned to provide a better temperature distribution, the design failed to fulfill this request. The maximum temperature difference between a hot spot and a cold spot inside a Type 4 reactor is around 80 K, which means that the temperature is very inhomogeneous (Léger, 2005) . A very high temperature inhomogeneity complicates the interpretation of the experimental results and may reduce the positive effects of the non-stationary conditions. It is thus preferable to use a reactor allowing slightly slower temperature changes but having a better thermal homogeneity. The Type 3 device reduces the thermal inhomogeneity to a temperature difference of about 20 K for temperature oscillations having an amplitude of 60 K and a frequency of 0.062 Hz.
CO oxidation reaction
Since the Type 3 reactor is the one having the better thermal homogeneity, this reactor type has been chosen to realize the experimental measurements using the catalytic CO oxidation. The reaction has been first carried out under stationary temperature conditions at different temperature between 410 and 470 K to get a basis of comparison for the measurements under temperature non-stationary conditions. The results obtained for the measured CO 2 concentration at the reactor outlet are presented in Fig. 7 .
The dependence of the CO 2 concentration presented in Fig. 7 with respect to the temperature is clearly exponential. This was theoretically awaited and consistent with the Arrhenius law presented in Eq. (1).
After having verified that the reaction behaved under stationary temperature conditions as awaited based on the Arrhenius law, fast periodic temperature variations have been applied to the reactor. A comparison of the CO 2 concentration measured under non-stationary temperature conditions with the one measured under stationary conditions is presented in Fig. 8 . During the experiment under non-stationary conditions the temperature was periodically varied between 413 and 454 K with a period duration (t p ) of 21 s.
The full squares in Fig. 8 represent the CO 2 concentration measured under stationary temperature conditions (as shown in Fig. 7) . The empty circles represent the instantaneous CO 2 concentration measured during some cycles under non-stationary temperature conditions and correlated with the corresponding instantaneous reactor temperature. Fig. 8 shows clearly that the CO 2 concentration measured under non-stationary temperature conditions is higher for any given temperature in the oscillation range compared to the concentration measured under stationary temperature conditions. The mean CO 2 concentration obtained under these non-stationary temperature conditions is a A possible explanation of the observed phenomenon is that the cycling of the temperature creates a transitional surface coverage of the reactive species which is more favourable for the reaction compared to the surface coverage obtained under stationary temperature conditions at the highest temperature. It is thus possible to obtain reaction rate values under non-stationary temperature conditions higher than the ones obtained under stationary conditions. As an example, the simulation of the generation of such a transitional surface coverage is presented in Section 4 for the case of a monomolecular reaction.
Simulations
A monomolecular reaction is the simplest conceivable reaction and is therefore suitable to show if fast periodic temperature changes may actually have some non-trivial effects on the behaviour of a heterogeneously catalysed reaction. Such a reaction may be e.g. an isomerization or a decomposition reaction.
The following model is taken into account:
A s
with the kinetic equations related to the model:
with
Under stationary conditions, by using the quasi-steady state approximation (QSSA)
the surface coverage of A " A " is given by
if the adsorption, desorption and surface reaction rate are of same order of magnitude. The surface reaction rate is then defined by
Under non-stationary conditions, after a temperature change, the surface coverage evolution with the time follows
The consequence of Eqs. (5)- (13) is that a priori no special effects are awaited from the application of fast periodic temperature changes. However, by simulating Eqs. (5)-(13) under non-stationary temperature conditions, it appears that a nontrivial increase in the reaction rate may be observed. For the simulations, the temperature variations have been modelled using a periodic function of type step between 320 and 370 K. The choice of the kinetic parameters employed during the simulations is of crucial importance. For the simulations to have any significance, it is important to choose them as close as possible to real ones. The example of simulation results presented in Fig. 6 has been obtained using a set of arbitrary but realistic kinetic parameters substituted in Eqs. (5)- (13). Their values are mentioned in the legend at the bottom of Fig. 9 .
The dashed, short dashed and dash-dotted lines in Fig. 9 represent the reaction rate at low temperature, high temperature and the mean under stationary state conditions, respectively. The plain line is the instantaneous reaction rate and the dotted one the mean value calculated under periodic temperature cycling conditions. Fig. 9 shows that the mean reaction rate under non-stationary thermal conditions is higher than the one under stationary conditions. For the chosen parameters the increase amounts to approximately 30% and is due to the presence of a peak in the instantaneous reaction rate. This non-trivial effect comes from the combination of the instantaneous variation of the reaction rate constant happening after a temperature change with the slower variation of the surface coverage, as presented in Fig. 10 . The dashed and plain lines in Fig. 10 represent the surface coverage of A under stationary and non-stationary temperature conditions, respectively. The dotted line corresponds to the surface reaction rate constant.
Under stationary temperature conditions, as seen in Fig. 10 , when the temperature is high, the value of the reaction rate constant is also high. At the same time, the surface coverage of A is, however, low due to the displacement of the adsorption-desorption equilibrium towards the desorption. The consequence is that the surface reaction rate value is higher for the high temperature but anyway limited by the relatively low surface coverage of the reacting species.
Under non-stationary temperature conditions Fig. 10 shows that the change of the surface coverage value after a temperature change is not instantaneous but tends slowly towards the new equilibrium value. At the contrary, there is no inertia in the evolution of the reaction rate constant which reaches its new value instantaneously. Therefore, at the beginning of a high temperature half-period, when the temperature is changed to the higher value, there is a short time period where both the surface reaction rate constant and the surface coverage are high. This results in the peak in the instantaneous reaction rate curve represented in Fig. 9 . After a certain time, the surface coverage reaches its equilibrium value for the high temperature and the reaction rate becomes identical with the one under stationary temperature conditions.
On the contrary, during the low temperature half-period, the instantaneous surface reaction rate is slightly lower than the one at the low temperature under stationary conditions. This is because the surface coverage is at the beginning almost equal to the one at high temperature (very low) and this, correlated with the low value of the reaction rate constant, slows down the reaction rate. The reaction rate increases then slowly together with the surface coverage of the reacting species. However, in this case it never reaches the new equilibrium value at low temperature because the next high temperature half-period starts before.
Even if a monomolecular reaction is not really of practical importance, the simulations realized using such a simple case have theoretically shown that temperature cycling conditions may lead to an non-trivial increase in the mean reaction rate compared to the one obtained under quasi-stationary conditions. To obtain this increase, it is necessary that at least one step implied in the kinetic scheme is slow enough to be influenced by the temperature changes. In the case of the monomolecular reaction studied here, if the desorption rate is too rapid, the surface coverage of the reactive species will reach too quickly the low equilibrium value for the high temperature and no beneficial transient state occurs on the catalyst surface.
For a more complex reaction like a bimolecular one, as the CO oxidation, a much more complex behaviour is awaited. However, the main principle remains the same. It is necessary that at least one phenomenon implied in the reaction scheme is slow enough to be influenced by the temperature changes. The related simulations, based on a simple model for the catalytic CO oxidation will be published in the future.
Conclusions
This paper has shown that the possibility exists to periodically cycle the temperature of a microstructure reactor with a temperature amplitude between 40 and 100 K and a period duration of about 10 s. Due to the possibility to introduce within the devices a catalytic active material, this gives the possibility to study the effects of non-stationary temperature conditions on a heterogeneously catalysed reaction. The test reaction chosen for the experimental measurements was the catalytic CO oxidation on a Pt/Al 2 O 3 catalyst. The results obtained for temperature oscillations having an amplitude of 41 K and a period duration of 21 s have demonstrated an increase in the mean reaction rate of a factor of 1.72 compared to the mean reaction rate obtained under stationary temperature conditions. These results correspond with the quantitative ones obtained by Brandner et al. (2004) using also a stainless steel reactor and more recently by Hansen et al. (2006) in a silicon microstructure device. The simulations of a simple monomolecular reaction under non-stationary temperature conditions indicate that the presence of a transitional surface coverage generated by the temperature oscillations may be a possible explanation for the observed phenomenon. Simulations based on a theoretical model for the catalytic CO oxidation will be published elsewhere in the future. 
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